Product template (PT) domains from fungal nonreducing polyketide synthases (NR-PKSs) are responsible for controlling the aldol cyclizations of poly-β-ketone intermediates assembled during the catalytic cycle. Our ability to understand the high regioselective control that PT domains exert is hindered by the inaccessibility of intrinsically unstable poly-β-ketones for in vitro studies. We describe here the crystallographic application of "atom replacement" mimetics in which isoxazole rings linked by thioethers mimic the alternating sites of carbonyls in the poly-β-ketone intermediates. We report the 1.8-Å cocrystal structure of the PksA PT domain from aflatoxin biosynthesis with a heptaketide mimetic tethered to a stably modified 4′-phosphopantetheine, which provides important empirical evidence for a previously proposed mechanism of PT-catalyzed cyclization. Key observations support the proposed deprotonation at C4 of the nascent polyketide by the catalytic His1345 and the role of a protein-coordinated water network to selectively activate the C9 carbonyl for nucleophilic addition. The importance of the 4′-phosphate at the distal end of the pantetheine arm is demonstrated to both facilitate delivery of the heptaketide mimetic deep into the PT active site and anchor one end of this linear array to precisely meter C4 into close proximity to the catalytic His1345. Additional structural features, docking simulations, and mutational experiments characterize proteinsubstrate mimic interactions, which likely play roles in orienting and stabilizing interactions during the native multistep catalytic cycle. These findings afford a view of a polyketide "atom-replaced" mimetic in a NR-PKS active site that could prove general for other PKS domains.
P roduct template (PT) domains are a structural feature of the nonreducing class of iterative polyketide synthases (NR-PKSs). They both control the high reactivity of poly-β-ketone intermediates that are rapidly assembled upstream in the β-ketoacyl synthase (KS) domain (1) and catalyze their intramolecular closure to cyclic and fused cyclic products. How both of these tasks are carried out, and how competing self-condensations to more thermodynamically favored products are avoided, are central functional questions of NR-PKS catalysis. We address them here with the single PT domain for which an X-ray crystal structure exists and report the organized structure of a stable mimetic of the native but synthetically inaccessible poly-β-ketone substrate bound in the PksA PT domain.
Biosynthesis of the environmental carcinogen aflatoxin B 1 is initiated by a fungal, iterative NR-PKS known as PksA (Fig. 1B) (2, 3) . This polypeptide consists of six covalently linked enzyme domains, where the function of each has been characterized by its specialized role in the controlled polymerization of ketide units and cyclization to a particular product (Fig. 1A) (2, 3) . Polyketide elongation is initiated by the starter unit, ACP transacylase (SAT) domain, which selectively primes the acyl carrier protein (ACP) with a hexanoyl starter unit (4) . The KS then catalyzes seven iterative rounds of decarboxylative Claisen condensations using malonyl building blocks supplied by the malonyl-CoA:ACP transacylase (MAT) domain to yield a mature 20-carbon poly-β-keto intermediate 1 for which direct evidence has been obtained by mass spectrometry (Fig. 1B ) (2, 3) . This reactive 20-carbon intermediate 1 is then cyclized via two regioselective intramolecular aldol reactions by the PT domain to yield a C4-C9/C2-C11 cyclized intermediate 2 (5) . Next, the thioesterase domain (TE) conducts a Claisen/Dieckmann cyclization to release the product from the 4′-phosphopantetheine (PPant)-tethered ACP to afford noranthrone 3 (6) . The growing polyketide intermediate remains attached to the ACP-tethered PPant group until the release of noranthrone 3 from PksA by a TE domain. In the absence of the TE domain a spontaneous cyclization gives rise to pyrone 4 (6, 7). Further postsynthase tailoring of 3 yields aflatoxin B 1 (3b) (Fig. 1B) (2) .
The first-ring cyclization (from 1 to 3 in Fig. 1B ) is pivotal to the formation of stable polyketide intermediate 2, which can be further processed toward the final product 3b. To date, there are at least six classes of PT domains that differentially cyclize poly-β-ketones to unique ring patterns in a highly selective manner (SI Appendix, Figs. S1 and S2) (8, 9) . To achieve this selectivity, a high degree of control must be maintained between the PT and the ACP-tethered poly-β-ketone intermediate. To date, only the PT domain of PksA has yielded a crystal structure (Protein Data Significance Product template (PT) domains from fungal nonreducing polyketide synthases (NR-PKSs) are responsible for controlling the aldol cyclizations of poly-β-ketone intermediates during polyketide biosynthesis. Our ability to understand the high regioselective control that PT exerts is hindered by the inaccessibility of unstable poly-β-ketones for in vitro studies. We describe here the crystallographic application of "atom replacement" mimetics in which isoxazole rings linked by thioethers mimic the alternating sites of carbonyls in the poly-β-ketone intermediates. The probe contains a heptaketide mimetic tethered to a modified 4′-phosphopantetheine, which provides important empirical evidence for the PT-catalyzed cyclization mechanism. These findings afford a view of a polyketide "atom-replaced" mimetic in a NR-PKS active site that could prove general for other PKS domains.
Bank: 3HRQ and 3HRR) (5). Fortuitously, the structure was obtained with the methyl terminus of palmitate at its deepest recess and extending to the carboxylate in the PT reaction chamber. Using this 16-carbon chain as a template, superimposition of the 20-carbon polyketide intermediate 1 and energy minimization with limited constraints gave a revealing model of PPant-substrate binding and led to a proposal for selective activation for controlled cyclization (5) . As unanticipated and appealing as this view of PT function was, it lacked experimental support.
Two problems exist that have blocked our interrogation of PT activity. First, the high intrinsic propensity to self-reaction of poly-β-ketones precludes them as practically useful substrates for structural studies on PKSs. Second, the high reactivity of the native 20-carbon poly-β-keto intermediate 1 prevents its de novo synthesis. Recently, a general strategy for the design and synthesis of stable mimics was developed using the concept of "atom replacement" (10) . Conceptually, isoxazoles linked by thioethers are visualized to parallel the alternating pattern of methylene and carbonyl groups of NR-PKS intermediates. Furthermore, the native thioester within these substrates was replaced by an isosteric amide bond to further stabilize the pantetheine-substrate connection (10, 11) . In this study, we prepared 4′-phosphorylated and unphosphorylated atom-replaced mimetics selected to represent substrate chain lengths of 8-16 carbon units of the corresponding linear and proposed monocyclic intermediates. Here, we report the 1.8-Å cocrystal structure of the PksA PT domain bound to a 4′-phosphopantetheinylated linear heptaketide mimetic in the crystallographic application of isoxazolethioether mimetics in PKS structural investigations.
Results and Discussion
Design and Rationale of the Atom Replacement Mimetics. To understand the chain-length selectivity of the PksA PT, we designed stable atom-replaced mimics of different chain lengths and tethered them to a nonhydrolizable Pant group (Fig. 2) . Our current set of mimetics includes: a linear ring-opened 4c-mimetic 5a, and the corresponding linear isoxazole 4c-mimetic 5b; the bis-isoxazole 7c and 8c-mimetics 5c and 5d (10) . In addition, to probe cyclization specificity, we also prepared the cyclized and aromatized polyketide mimics 5e and 5f (10) (Fig. 2) to mirror hexaketide shunt products of PksA (Fig. 1) . Our selection of these materials was based on the fact that the tetraketides (5a and 5b) with eight carbons are the shortest chain length that a fungal PT has been shown to accept (2) . Each of these materials can be optionally phosphorylated at the 4′-hydroxyl group of the pantetheine using a promiscuous pantetheine kinase (PanK) (Fig. 2) as given by the respective conversions 5a-5f into 6a-6f (12) (13) (14) (15) . To obtain the phosphorylated mimetics 6a-6f, we incubated 5a-5f with PanK from the pantothenate (vitamin B 5 ) biosynthetic pathway in Escherichia coli (15) . Previous work on one-pot chemoenzymatic preparation of CoA analogs provided a standard methodology for pantetheine phosphorylation (15) . Because we only required the PanK for pantetheine phosphorylation and not the remaining CoA ligating and modifying enzymes, we first explored optimizing conditions to conduct pantetheine phosphorylation by evaluating varying concentrations of recombinant PanK and mimetics 5a-5f in diverse buffers, pHs, concentrations of ATP, salts, and temperatures. The phosphorylation of mimetics 5a-5f into 6a-6f was monitored by analytical HPLC analysis and electrospray ionization mass spectrometry (ESI-MS). Time points were taken at 1, 3, 6, 12, and 24 h. Overall, no significant improvements were found in PanK phosphorylation. We found that the condition giving the highest yield of phosphorylated mimetics 6a-6f was after incubating in 2 μM PanK, 25 mM potassium phosphate pH 7.5, 10 mM MgCl 2 , and 8 mM ATP at 37°C for 3 h (SI Appendix, Figs. S5-S7). Once complete phosphorylation was observed, 6a-6f were purified by semipreparative HPLC. This approach offered an effective protocol to prepare PPant mimics in purity and amounts sufficient for X-ray crystallography and enzyme assays.
The Crystallization and Crystal Diffraction of PksA PT with Phosphorylated and Unphosphorylated Atom-Replaced Mimetics: Importance of Chain Length and PPant Phosphate. To date, the crystallization of ligands with PksA PT had proven to be extremely difficult due to the presence of endogenous palmitate in the active site, which blocked substrate binding. We have found that the best way to perform this procedure involves first the incubation of PksA PT with XAD-2 or XAD-4 hydrophobic resins to remove the palmitate, followed by addition of the substrate or substrate mimetic at a concentration that does not cause immediate protein precipitation (5) . To explore for the substrate binding and cyclization motifs of PT, we rigorously screened for conditions that allowed the cocrystallization of PksA PT and other PT construct mimetics 5a-5f and phosphorylated mimetics 6a-6f (Fig. 2) . For PksA PT, we found that XAD-2 resins often resulted in protein precipitation, and hence, we screened 1,200 conditions for each mimetic at 4°C and 23°C. From this set, we selected the most promising conditions and explored them for crystal growth in refinement trays. In addition to PksA PT, we also applied the screen to three other PT domains from NR-PKSs (Pks1, Pks4, and ACAS) that represent different clades of PT (SI Appendix, Table S1 ) (8) .
Heptaketide-PT Structure Reveals Extensive Substrate-Enzyme Interactions in PPant Binding Region and Cyclization Chamber. The 6c-bound PksA PT structure (6c • PksA PT) revealed a dimer with two active sites, with each monomer containing a double hotdog (DHD) fold (SI Appendix, Fig. S3A ). Within each monomer the substrate-binding pocket contained a hexyl-binding region, a cyclization chamber, and a PPant-binding region (Fig. 3) (5) . Mimetic 6c interacted with residues in only the cyclization chamber and the PPant-binding region ( Fig. 3 C and D and SI Appendix, Fig. S3B ). The PPant segment of 6c served to orient the heptaketide mimetic by electrostatic and hydrophobic interactions ( Fig. 3C and SI Appendix, Fig. S3 ). Here, the terminal PPant phosphate of 6c is anchored by strong electrostatic interaction with Arg1623 of PT near the entrance of the substratebinding pocket (Fig. 3C) . Further, the gem-dimethyl group of PPant was oriented toward three Val and one Leu near the entrance of the catalytic pocket (Val1567, Val1625, Leu1630, and Val1633). These previously unidentified amino acids defined an important hydrophobic pocket within the PPant binding region (Fig. 3C ). In addition, the backbones of Leu1398 and Cys1353, along with a crystalline water, formed hydrogen bonds with the hydroxyl and carbonyl groups of 6c. The water molecule was further coordinated to the backbone of Leu1398 and Cys1353, both of which are well conserved among most clades of PT domains (SI Appendix, Fig. S2) (8, 9 ). These observations suggest that the PPant binding region interacts extensively with the heptaketide substrate, and PPant binding is crucial for substrate orientation.
In the cocrystal structure of 6c with PksA PT, the hexylbinding region was largely unoccupied, which is consistent with its selectivity to bind the hexyl starter unit that is not present in 6c (Fig. 3B) . A 7.0-Å gap between the back of the hexyl-binding region and the methyl terminus of the 6c only contained one detectable water molecule. This observation is in accord with the hydrophobic nature of the hexyl-binding region, such that in the absence of the hexyl group, 6c binds PT without contacting the hexyl-binding region (Fig. 3B) . The fact that the structures of 6c • PksA PT and the previously reported palmitate-PT were highly similar (rmsd = 0.154 Å) also supports the view that the lack of hexyl group in 6c does not affect overall protein conformation of PksA PT. The placement of the heptaketide mimetic 6c in the cyclization chamber confirmed the importance of the cyclization chamber for polyketide orientation and catalysis, as proposed earlier (Figs. 3D and 4) (5). From the 6c • PksA PT structure, we identified previously uncharacterized residues in the cyclization chamber that are important for polyketide recognition. The catalytic dyad of PksA PT is composed of His1345 and Asp1543 (5). Regiospecific C4-C9 first-ring formation depends on the ability of His1345 to deprotonate C4 of 1 and initiate first-ring cyclization. In the 6c • PksA PT structure, the catalytic His1345 is 3.0 Å from C4 of 6c, thus strongly supporting C4 deprotonation and subsequent enolate formation for proper ring closure (Fig. 3D) . The oxyanion hole was located in the back of the cyclization chamber, constrained by Pro1355. It has been previously proposed that a network of organized water molecules bound to Ser1356, Asp1543, Asn1568, and Thr1546 stabilize the oxyanion and provide a highly structured, polar environment that favors aldol cyclization (Fig. 4) (5, 9) . Now, the 6c • PksA PT structure provides concrete evidence for the maintenance of a polar environment through a water network that is, indeed, coordinated with Ser1356, Asp1543, Asn1568, and Thr1546 (Fig. 3D) . In the bis-isoxazole moiety of 6c (Fig. 2) , a bridging sulfur atom replaces the C9 carbonyl of the actual polyketide intermediate 1 (Fig. 1B) . This weaker hydrogen bond acceptor shows no interaction with the water network, but is constrained intrinsically to a 90°bond angle and was oriented away from the active site by its placement between the two rigid flanking isoxazole rings. Nonetheless, it was remarkable that the location of C4 near His1345 (3.0 Å) and the C9 carbonyl mimetic, the sulfur atom in 6c, are in close proximity to the water network, which strongly supports the proposed mechanism that PT activates a particular set of nucleophile/electrophile partners to catalyze a single regiospecific aldol cyclization between C4 and C9.
Catalytic Activity and Mutagenesis of the PksA PT. We then turned our attention to identify residues important for substrate binding. Using our 6c • PksA PT structure as a guide, we generated mutants in the PPant binding region, cyclization chamber, and hexyl-binding regions. The PT mutants were reconstituted with holo-PksA ACP, the tridomain PksA SAT-KS-MAT, hexanoylCoA, and malonyl-CoA. The PksA PT cyclizes the linear intermediate 1 to biosynthesize norpyrone 4 in vitro. Products of the enzymatic reactions were determined using time course HPLC analysis to monitor the reaction course (Fig. 5) . Effects on pocket entrance. From these data, we were able to access the importance of Arg1623 and Lys1396, two positively charged surface residues located at the entrance of the PPant binding region that interact with the phosphate terminus of 6c. R1623A and K1396A mutants were 60% as efficient as wild-type PT in their production of norpyrone 4, the in vitro product of PksA. The K1396Q-R1623Q double mutant also displayed a similar efficacy (60% efficiency as compare with wild-type PT). The moderate decrease in norpyrone formation for R1623A, K1396A, and K1396Q-R1623Q indicates that the positively charged side chains of Arg1623 and Lys1396 were not essential for product formation. Substitution of the negatively charged residue, R1623E, did show further reduction of activity and generated 30% production of norpyrone. However, the mutational result showed that the positive charges of Arg1623 and Lys1396 are not the sole determinant for substrate binding. These observations were consistent with the 6c • PksA PT structure where the PPant binding region interacts with PPant with both charge-charge and hydrophobic interactions.
Interactions within the cyclization chamber. The Ala mutants of the active site dyad His1345 and Asp1535 completely abolished catalyzed norpyrone 4 formation (5). The result confirmed the crucial catalytic role of both residues for cyclization. Previous Ala mutations of Thr1546 and Asn1548 also resulted in a diminished activity (5), which is consistent with the observed interaction between 6c and residues in the cyclization chamber (Fig. 3D) .
Interactions with the hexyl-binding region. Sequence alignment suggests that most PT domains, which typically incorporate shorter acetyl starter units, have a Met at the position Leu1508, located near the beginning of the hexyl-binding region. This observation suggested that the methionine residue may serve to block the hexyl-binding region and prevents the loading of a hexanoyl starter unit (SI Appendix, Fig. S2 ). Further, Gly1491 defines the bottom of the pocket, which is otherwise a bulky, hydrophobic residue in the nonhexyl loading PTs (SI Appendix, Fig. S2 ). To decrease the volume of the hexyl-binding region, we generated G1491I and G1491M. Both of these mutants returned less than 5% of the production of 4 compared with that of wild type (5) . The fact that truncation of the hexyl-binding region can greatly reduce product formation for PksA PT is in accord with the proposal that the overall size and shape of the substrate binding pocket was important in chain-length selectivity.
PT-Polyketide Docking Simulations Are Consistent with the Cocrystal
Structure. Each isoxazole moiety (Fig. 2) is aimed to mimic a β-diketone/keto-β-enol in a linear polyketide (Fig. 2) . Whereas the isoxazole ring within 5a-6f serves to provide stability, it also restricts the number of potential enolization isomers sampled by the natural polyketone in 1. We conducted in silico docking using GOLD (16) to further explore the potential issues arising from the selection of distinct enol-keto tautomers of 1. Hexanoylcontaining polyketide intermediates with 14 and 20 carbons were docked into the substrate binding pocket of PksA PT. We found that the binding motifs of the native mature 20-carbon or nascent 14-carbon intermediates are highly similar to the cocrystal structure of mimetic 6c (Fig. 4A) , especially in the following features: First, the electrostatic interactions between the PPant phosphate and Arg1623/Lys1396 remained in close proximity, further supporting the importance of the PPant phosphate for substrate localization and binding. Second, the location and orientation of C4 and its proximity to the catalytic His1345 was highly similar in the docked and observed 6c • PksA PT structure, supporting the view that the key residue for deprotonation is correctly placed in the cocrystal structure of 6c • PksA PT (Fig.  4A) . Finally, in the catalytic chamber and hexyl-binding region, the 20-carbon intermediate and 14-carbon mimetic had highly similar interactions (both polar and nonpolar) with the active site residues, especially surrounding the carbonyl moieties flanking C4 and C2 that will be deprotonated to initiate the first-and second-ring cyclizations. The overall orientation of the PPant linked to the endogenous 20-carbon unreduced polyketide kinks inside the 30-Å PksA PT pocket. The previously identified Val/Leu PPant channel residues (5) along with the Arg/Lys surface residues help orient C4 toward His1345 (Fig. 4A ). Deprotonation and enolate formation at C4 by His1345, followed by aldol condensation at C9 generates the first C4-C9 ring intermediate (SI Appendix, Fig. S8 ). In this mechanism, the C4-C9 ring is directed toward the cyclization chamber, allowing for a second His1345 deprotonation at C2, which undergoes reaction at C11. The second aldol reaction of C2-C11 generates intermediate 2, which is displaced further into the cyclization chamber (Fig. 4 B  and C) . The proposed position of the bicyclic intermediate 2 in the cyclization chamber is further supported by the similar position observed for the HC8 cyclization analog used in the first PksA PT domain structure analysis (5) . Overall, both the mature 20-carbon and nascent 14-carbon substrates align in orientations similar to the heptaketide mimetic 6c, thus confirming that the atom replacement mimics are indeed a valid mimetic for the catalysis, specificity, and mechanism of the PKS PTs. 
Conclusions
We report the X-ray crystallographic application of atomreplacement mimetics to elucidate the cyclization specificity of fungal NR-PKS PT domains. Using a combination of structural biology, structure-based mutagenesis, and enzymatic assays, we have shown how these mimetics help identify key residues involved in substrate recognition that are not otherwise identifiable. The inherent instability and reactivity of linear, unreduced polyketide intermediates has hindered previous efforts to accurately visualize the interaction between a poly-β-ketone intermediate and a PKS. Whereas no structure can exactly mimic the chemical properties of natural substrate, the atom replacement mimetics have facilitated our ability to structurally visualize these linear intermediates in a PT domain by providing the polyketide mimicry while blocking their intrinsic reactivity. We demonstrate that attachment of the PPant moiety to atom-replaced mimetics can allow for further structural insight into the role of the PPant arm on the delivery and accurate placement of the reactive polyketide intermediate in the active site. The 6c • PksA PT cocrystal structure provides critical visual confirmation for the role of PT domains in regiospecific cyclization(s) during fungal polyketide biosynthesis. In these studies, the 14-carbon mimetic 6c delivered high-resolution structural data that further validated the proposed substrate-binding residues. The binding region proximal to the PPant arm in 6c contains several key residues previously unidentified that are responsible for coordinating the hydroxyl and stabilizing the gem-dimethyl moieties of the PPant arm. The nature of 6c's binding to the catalytic chamber provided further evidence for residue flexibility to accommodate interactions with the rigid isoxazole rings. In an important observation, the heptaketide C4 carbon is positioned proximal to the catalytic His1345, providing further experimental evidence to the previously proposed mechanism of polyketide cyclization by PT. Such atom-replacement mimetics can serve as powerful tools to further investigate distinct type I, II, and III PKS enzymes that would otherwise be inaccessible by conventional polyketides, which would be subject to rapid aldol and Claisen condensations in media used for X-ray cystallography. Overall, this study demonstrates that medicinal chemical techniques, such as structure mimicry, can have an immediate impact in the study of natural product biosynthesis. We found that the atom replacement concept not only offers sufficiently stable materials, but also offers materials with sufficient mimicry to support high-resolution analyses of structural biology.
Materials and Methods
Procedures and methods for protein expression and purification, site-directed mutagenesis, protein X-ray crystallography, in silico docking, preparation and phosphorylation of the mimetics, in vitro reconstitution assay, and circular dichroism assay can be found in SI Appendix.
